■ INTRODUCTION
The calixarene family has attracted attention over the past decade for a multitude of applications, 1 including gas uptake in the solid state.
2 Given the interest in metal−organic frameworks (MOFs), the incorporation of such cavity-containing species offers great potential. The reaction of upper-rim functionalized calix [4] arenes (or thiacalixarenes or sulfonylcalixarenes) with the late transition metals (or lanthanides) gives a variety of two-and three-dimensional (2-D and 3-D) frameworks, with the dimensionality of the resulting materials dictated by the nature of the secondary building unit (SBU). 3, 4 However, with the exception of the example reported by Liu et al., 4 the use of lower-rim acid-functionalized analogues leads to the synthesis of only one-dimensional (1-D) coordination polymers, exhibiting nanotube and chain morphologies, with thermogravimetric analysis (TGA) and gas uptake analyses of these structures demonstrating a lack of porosity. To synthesize porous frameworks using the lower-rim functionalized calix [4] arene linker, some means of increasing the dimensionality of these structures is required, and it is with this in mind that our attention was drawn to the chain structures [Li 4 (L) 2 (EtOH) 2 ] and [Zn(L) 2 (DMF)(H 2 O)] n (L = 25,27-bis(methoxycarboxylic acid)-26,28-dihydroxycalix [4] arene, DMF = N,N-dimethylformamide). 5 In both of these examples, the presence of coordinated solvent molecules is reminiscent of the [Zn-(BDC)·(DMF)(H 2 O)] n (BDC = benzene-1,4-dicarboxylate) structure and many others, in which the substitution of apically coordinated water molecules with neutral pillaring linkers gives rise to a multitude of porous 3-D structures. We therefore embarked on a program of research involving the reaction of the potential anionic linker LH 2 with zinc nitrate and the neutral pillaring linkers 4,4′-bipyridyl (4,4′-bipy), 1,2-di(4-pyridyl)ethylene (DPE), and 4,4′-azopyridyl (4,4′-azopy) with a view to the synthesis of multidimensional porous MOFs. It was hoped that the inclusion of the bipyridyl linkers would give rise to 3-D structures exhibiting novel network topologies and hierarchical porosity. While no literature examples exist of the use of neutral pillaring linkers with acid functionalized calix [4] arenes in MOF synthesis, early research conducted by Atwood and MacGillivray reveals the potential for increased dimensionality in hydrogen-bound multicomponent systems involving the related molecule C-methylcalix [4] resorcinarene. 6 The successful synthesis of crystalline C-methylcalix [4] resorcinarene(pyridine) 4 ·2pyridine, a monomeric species in which four pyridine molecules are hydrogen bonded to the hydroxyl functions of the calix [4] resorcinarene via the pyridinyl nitrogens, was followed by the substitution of the pyridine with 4,4′-bipy. The resulting crystalline product, bearing the formula C-methylcalix [4] resorcinarene(4,4′-bipy) 2 exhibits 1-D chains formed by the H-bonding of two 4,4′-bipy units per Cmethylcalix [4] resorcinarene unit in a bridging fashion.
Subsequent work by Coppens and co-workers using hydrothermal conditions to explore the H-bonding behavior of C-methylcalix [4] resorcinarene and the bipyridyls 4,4′-bipy and DPE reveals the synthesis of 2-and 3-D H-bonded structures, 7 with further examples of multidimensional Hbonded networks of this type incorporating longer bipyridyls reported by Nakamura et al. 8 In all of these examples, the cavities formed by the interaction of the component molecules are capable of hosting guest molecules, and in many cases, the topology of the H-bonded networks is determined by the size and shape of the guest. It is therefore reasonable to assume that the employment of these principles in the calixarene coordination chemistry environment will also afford multidimensional structures capable of incorporating guest molecules.
■ RESULTS AND DISCUSSION
The solvothermal reaction of LH 2 with 4,4′-bipy and zinc nitrate in a diethylformamide (DEF)/methanol mixture afforded 1 as colorless prisms in good yield. The crystals were of suitable quality for single crystal X-ray diffraction, although requiring the use of synchrotron radiation to provide an adequate data set.
9 Elucidation of the structure reveals the self-assembly of a 2-D extended bilayer structure of the formula {[Zn(4,4′-bipy)(L)]·2 1 / 4 DEF} n formed by the coordination of 4,4′-bipy molecules to Zn 2 L 2 dimers. Each of the dimers comprises two calix [4] arene molecules linked through two zinc atoms via the coordination of their carboxylate groups. These carboxylate groups adopt a monodentate binding mode, the unbound carboxylate oxygen involved in H-bonding to the phenolic −OH groups of the parent calixarene, with two 4,4′-bipy molecules per metal giving a tetrahedral coordination geometry ( Figure 1 ).
The 4,4′-bipy molecules extend in four divergent directions in the ac plane, linking the dimers to their four nearest neighbors to give the extended 2-D structure with sheets observed in the ac plane (Figures 2 and S1 , Supporting Information). Two large cavities per unit cell, located around the neutral linkers, contain highly disordered solvent molecules which were modeled as areas of diffuse electron density using the PLATON squeeze procedure, 10 giving approximately 9 DEF molecules per void, or 18 per unit cell.
No guest solvent molecules are observed inside the calix [4] arene bowl, due to the pinched cone conformation adopted by the molecule (Figure 3 ). This conformation may result from the intramolecular H-bonding observed between the H(2)/H(6) hydrogens and the O(3)/O(7) oxygens which reduces the angle between the nonfunctionalized phenol units, or by the conformation adopted by the acid moieties, which forces the acid appended phenol units to swing outward. The pinched cone conformation can be quantified by comparing the The solvothermal reaction of LH 2 with DPE and zinc nitrate in a DEF/methanol mixture afforded 2 as pale yellow prisms in moderate yield. The crystals were of sufficient quality for elucidation by single crystal X-ray diffraction, revealing a 2-D structure of the formula {[Zn 2 (L) 2 (DPE)]·DEF} n . The structure of 2 differs from that of 1 in both carboxylate coordination mode and packing. In this example, four neighboring calix [4] arene units are linked via the coordination of one of the appended acid moieties in a di-monodentate fashion, bridging two zinc centers, giving the paddlewheel SBU ( Figure 4 ). This coordination mode is observed at each of the acid moieties, giving infinite chains of the formula ZnL, observed along the a axis.
Coordination of the neutral pillaring linker to these paddlewheel SBUs above and below the plane of the carboxylate functions gives a distorted square-based pyramidal coordination geometry around the metal centers, and further links the ZnL chains into the extended 2-D bilayer structure observed in the ab plane ( Figures 5 and S2 ). The pyridinyl ligands in this example are disordered over two positions, with only the position of the coordinating N atom common to both components. Likewise, all four tertiary butyl groups per calix [4] arene unit were disordered and modeled over two positions. Guest solvent atoms could not be resolved by point atom observations due to disorder; hence, the PLATON squeeze procedure was performed. 10 This recovered 89 electrons situated in one large void and six much smaller voids per unit cell. As the smaller voids are not large enough to accommodate DEF or MeOH guest molecules, their electron contribution was omitted, giving a total of one guest DEF per large void or one per formula unit. It is of note that due to the disordered nature of the DPE linker, the dimensions of the large void are subject to variation, and hence some may accommodate more than one DEF molecule.
As with the previous structure, the calix [4] arene adopts a pinched conformation precluding the presence of solvent molecules within the bowl; however, in this example it is the acid-appended phenol units which are forced to swing inward to allow the acid moiety to participate in binding to the paddlewheel SBU ( Figure 6 ). Angles subtended by the calixarene phenolic C 6 rings and the basal plane defined by the four phenolic oxygen atoms: 43.2(2)°for C(12) > C(17), 44.8(3)°for C(34) > C(39), 81.4(2)°for C(1) > C(6), and 87.0(3)°for C(23) > C(28).
Employment of the same reaction conditions and molar quantities as with 1 and 2, but with the substitution of the neutral pillaring linker with 4,4′-azopy, gave 3 as red prisms. Again, the crystals were of suitable quality for single crystal Xray diffraction but required synchrotron radiation to collect a data set of adequate quality for structural elucidation. 7 Analysis of this data reveals a similar extended 2-D bilayer sheet structure of formula {[Zn(OH 2 ) 2 (L)(4,4′-azopy)]·DEF} n , in which subtle differences in the coordination of the carboxylate groups compared to 1 gives rise to a different network topology. As with 1, Zn 2 L 2 dimers are formed by the monodentate binding of carboxylate groups from two calix [4] arene molecules to single zinc atoms; however, intramolecular hydrogen bonding between one of the coordinated carboxylate oxygens and the ether oxygen of the same group with one of the phenolic OH groups forces the moiety to adopt a bent configuration. This has the effect of shortening one of the pendant carboxylate groups giving a dimeric unit in which calix [4] arene molecules are offset. The structure also differs from 1 in the coordination geometry observed around each metal center. Two 4,4′-azopy molecules coordinate to each metal center via their pyridinyl nitrogens; however, the (Figures 8,  9 , and S3).
Thermogravimetric Analysis. Thermogravimetric analyses were conducted on structures 1, 2, and 3 under an inert carrier flow of nitrogen to assess their porosities and solid state stabilities ( Figure 10 ). Unexpectedly, for structure 1, no weight loss was observed in the range 30−250°C. This is in contradiction to the single crystal X-ray diffraction data, which offers evidence of 2.25 guest DEF molecules, and elemental analyses which suggest the presence of two DEF molecules per formula unit. It can be concluded that either no guest solvent molecules were present in the sample analyzed, due to their removal during sample preparation, or that the solvent was encapsulated by the framework and was not removable until after the thermal decomposition had begun. Because of the similarities between this profile and those of structures 2 and 3 at temperatures above 280°C, at which all three structures begin to thermally decompose, it is reasonable to assume that rather than being tightly bound within the framework, the guest DEF molecules were removed during sample preparation, which involved washing the sample with diethyl ether (see Experimental Section). The diethyl ether would have washed out the DEF molecules and then evaporated through the channels formed by the large and interconnected voids, especially those parallel to the crystallographic b axis.
Compounds 2 and 3 exhibit very similar TGA profiles, undergoing a weight loss of 9.7 and 11.1%, respectively, over the range 30−250°C. In the case of 2, this weight loss is attributable to the loss of two DEF molecules per formula unit (calculated 10.0%). The single crystal X-ray diffraction data suggest the presence of between one and two of these guest molecules (89 electrons recovered in total by the Platon Squeeze 10 procedure, but the larger void only accommodating 68 of these electrons and a DEF containing 56 electrons). The disorder/flexibility observed in the pyridinyl linker likely allows for a greater quantity of guest molecules to be accommodated, with elemental analyses conducted on 2 offering further evidence of the presence of a second DEF molecule per formula unit. For structure 3, the loss of one DEF molecule and the two coordinated water molecules per formula unit equates to a loss of 11.9 wt %, which is in good agreement with the recorded TGA data. The presence of guest molecules is also supported by microanalysis, with the phase purity of the samples confirmed by the similarity in d-spacings for the collected and simulated powder X-ray diffraction patterns; note that the measured powder diffraction patterns include solvents in the voids, while the simulated patterns were calculated from CIF files that are solvent free, hence the slight differences, especially at low angle where disordered solvent makes a larger contribution (Supporting Information, Figures S4−S6 ). Thermal decomposition for all three structures commences at ∼280−300°C as indicated by rapid and continuous weight loss. Since loss of all solvent of crystallization and water ligands is accounted for in 1−3, what remains, prior to thermal decomposition, can be assumed to be the 2D metallocalixarene polymers. Because of the similarities in metal coordination modes between the structures, similar decomposition profiles are expected, with minor variations between the curves attributable to relative thermal stabilities of 4,4′-bipy, DPE, and 4,4′-azopy.
In summary, solvothermal syntheses involving the lower-rim functionalized diacid calix [4] arene 25,27-bis(methoxycarboxylic acid)-26,28-dihydroxy-4-tert-butylcalix [4] 4,4′-bipy molecules to Zn 2 L 2 dimers, whereas the structure of 2 differs from that of 1 in both carboxylate coordination mode and packing. Specifically in 2, four neighboring calix [4] arene units are linked via the coordination of one of the appended acid moieties in a di-monodentate fashion to two zinc centers, giving a paddlewheel SBU. This coordination mode is observed at each of the acid moieties, giving infinite chains of the formula ZnL, observed along the a axis. In 3, a similar extended 2-D bilayer sheet structure of formula {[Zn(OH 2 ) 2 (L)(4,4′-azopy)]·DEF} n , in which subtle differences in the coordination of the carboxylate groups compared to 1 gives rise to a different network topology. As with 1, Zn 2 L 2 dimers are formed by the monodentate binding of carboxylate groups from two calix [4] arene molecules to single zinc atoms; however, intramolecular hydrogen bonding between one of the coordinated carboxylate oxygens and the ether oxygen of the same group with one of the phenolic OH groups forces the moiety to adopt a bent configuration. We have demonstrated the synthetic ability to deliberately incorporate in to a MOF, moieties with a potentially in-built void and known gas-uptake capability, although here the calix [4] arene adopts an empty, pinched-cone conformation.
■ EXPERIMENTAL SECTION
General. All reagents were purchased from Sigma-Aldrich and were used with no further purification. Solvents were purchased from Fisher Scientific. Tetrahydrofuran and ethanol were dried (where the use of dry solvents is specified) by heating to reflux over sodium and benzophenone and distilled and degassed prior to use. Infrared data (Nujol mulls, KBr windows) were collected using a Nicolet Avatar 360 FT IR spectrometer. Elemental analyses were performed by the National Elemental Analysis service at London Metropolitan University. Mass spectrometry data were recorded by the EPSRC National Mass Spectrometry Service Centre at Swansea University. TGAs were recorded on a TA Instruments 2950 TGA HR V5.3 thermogravimetric analyzer under an inert (N 2 ) carrier flow from 30 to 600°C with a scanning rate of 2°C min Crystallography. Diffraction data for 1 and 3 were collected on a Bruker APEX 2 CCD diffractometer equipped with a silicon 111 monochromator on Station 11.3.1 at the ALS using synchrotron radiation.
11 Diffraction data for 2 were collected on a Rigaku Saturn 724+ CCD diffractometer using a rotating anode X-ray source and 10 cm confocal mirrors monochromator. 12 Data were corrected for absorption and Lp effects.
11, 12 Structures were solved by direct 13, 14 and refined by full-matrix least-squares on F 2 . 13, 14 Further details are given in Table 1 . H atoms were included in a constrained riding model. In 1 methyl groups within t Bu groups at C(18), C(31), and C(42) were modeled as disordered over two sets of positions with major components 57.1(12), 79.2(11), and 66.4(18)% respectively. Atoms C(54,55) and C(57,58) were also modeled as split over two sites with major component 72.6(16)%. The DEF solvent of crystallization was modeled as diffuse regions of electron density by the Platon Squeeze procedure which recovered 996 e − per unit cell split between two voids, interpreted as nine DEF per void. 10 In 2 methyl groups within t Bu groups at C(8), C(18), C(29), and C(41) were modeled as disordered over two sets of positions with major components 80(4), 88.8(18), 56(4), and 92.0(10)% respectively. Atoms C(49) > C(54) were also modeled as split over two sites with major component 65.2(10)%. The DEF solvent of crystallization was modeled as a diffuse region of electron density by the Platon Squeeze procedure which recovered 89 e − per unit cell of which 68 e − was in one large void, interpreted as holding just one DEF. 10 The remaining electron density was distributed among six much smaller voids. In 3 the structure was modeled as a two-component inversion twin with a 51.9:48.1(13) component ratio. The DEF solvent of crystallization was modeled as a diffuse region of electron density by the Platon Squeeze procedure which recovered 32 or 36 e − in each of eight small voids, interpreted as approximately half a DEF in each. 10 CCDC 964281− 964283 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/ cif.
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